Tan CO, Taylor JA. Does respiratory sinus arrhythmia serve a buffering role for diastolic pressure fluctuations? Am J Physiol Heart Circ Physiol 298: H1492-H1498, 2010. First published February 19, 2010 doi:10.1152/ajpheart.00974.2009.-Though many consider the magnitude of respiratory sinus arrhythmia as an index of cardiac vagal control, its physiological origins remain unclear. One influential model postulates that the systolic pressure rise within a given beat stimulates the baroreflex arc to adjust the following heart period such that diastolic pressure is "stabilized" and hence displays lesser fluctuation. Accordingly, the magnitude of diastolic pressure fluctuations with respiration should change reciprocally after augmentation or inhibition of respiratory sinus arrhythmia. To test this, we augmented and subsequently inhibited respiratory sinus arrhythmia with vagotonic and vagolytic atropine administration in 19 healthy young volunteers to assess the relation between respiratory R-R interval and diastolic pressure fluctuations. Respiratory diastolic pressure fluctuations showed parallel rather than inverse changes in relation to those in respiratory sinus arrhythmia: they increased with augmented respiratory sinus arrhythmia (138 and 190% of baseline in the frequency and time domains, both P Ͻ 0.05) and tended to decrease with inhibited respiratory sinus arrhythmia (82 and 93% of baseline in frequency and time domains, P ϭ 0.20 and P ϭ 0.07). Furthermore, Ͼ60% of the change in diastolic pressure fluctuations was explained by the change in respiratory sinus arrhythmia (R 2 ϭ 0.62; P Ͻ 0.001), that is, an ϳ50-ms increase or decrease in respiratory sinus arrhythmia resulted in a parallel ϳ1-mmHg change in diastolic pressure fluctuations. Thus, in young healthy individuals during supine rest, respiratory fluctuations in R-R interval do not buffer against diastolic pressure fluctuations but actually cause diastolic pressure fluctuations. Therefore, our data provide little evidence for a predominant role of a baroreflex feedback mechanism underlying respiratory sinus arrhythmia during supine rest. R-R interval; baroreflex; diastolic blood pressure; atropine SINCE THE FIRST OBSERVATION over 150 years ago that R-R interval shortened during inspiration and lengthened during expiration (23), respiratory sinus arrhythmia (RSA) has been widely studied. The cardiac vagal role in the genesis of RSA is known (1), and, although there may be some effect of sympathetic tone (39), many consider the magnitude of RSA as an index of cardiac vagal control (10, 16). However, the physiological origins of the waxing and waning vagal outflow responsible for RSA remain unclear and under some dispute (8, 15) .
R-R interval; baroreflex; diastolic blood pressure; atropine SINCE THE FIRST OBSERVATION over 150 years ago that R-R interval shortened during inspiration and lengthened during expiration (23) , respiratory sinus arrhythmia (RSA) has been widely studied. The cardiac vagal role in the genesis of RSA is known (1) , and, although there may be some effect of sympathetic tone (39) , many consider the magnitude of RSA as an index of cardiac vagal control (10, 16) . However, the physiological origins of the waxing and waning vagal outflow responsible for RSA remain unclear and under some dispute (8, 15) .
One influential model of RSA is based on the observation that changes in systolic pressure during respiration are relatively larger than those in diastolic pressure (6) . This has been proposed to reflect the fact that the systolic pressure rise within a given beat stimulates the baroreflex arc to adjust the timing of the following R-wave such that diastolic pressure is "stabilized" and hence displays lesser fluctuation (15, 36 ). This conceptual model cites an obvious mechanism for the generation of RSA, the arterial baroreflex, and relies upon evidence for this hypothesis from animal experiments. Baroreceptor denervation substantially reduces RSA in conscious dogs (29) and substantially increases arterial pressure variability in dogs, baboons, and rats (5, 13, 31, 35) . On the other hand, some evidence does suggest that respiratory fluctuations in arterial pressure might be secondary to RSA, contrary to a baroreflex mechanism. For example, in rats, vagal blockade abolishes respiratory fluctuations in R-R interval without any significant change in arterial pressure fluctuations (14) .
Because of the limited experimental approaches available, the majority of work in humans pursuing the mechanism(s) underlying RSA has relied most upon noninvasive, inferential approaches, such as spectral analysis of blood pressure and R-R interval fluctuations (4, 12, 18, 25, 27) . Results from these studies have been interpreted to suggest a prominent baroreflex role in the genesis and/or the modulation of RSA. For example, when sinusoidal stimulation is applied to the carotid baroreceptors in phase with respiration via neck suction, RSA spectral power is augmented, but when the same stimulus is applied out of phase, spectral power is reduced (although the intervention had no effect on diastolic pressure fluctuations) (18, 27) . On the other hand, fixed-rate atrial pacing, which removes R-R interval variability, reduces diastolic pressure fluctuations at the respiratory frequency in supine subjects (38) . This would suggest that RSA could augment rather than stabilize diastolic pressure fluctuations. However, these studies investigated the baroreflex role by opening the "closed-loop" system and engaging the reflex actively via neck suction or eliminating the reflex artificially via a "nonphysiological" intervention. By their very nature, these approaches could alter the intrinsic relation between blood pressure and R-R interval fluctuations.
The model of baroreflex-generated RSA (15, 36) suggests that, if the ability of the closed-loop system to generate RSA is either enhanced or depressed, the mechanism for RSA can be inferred from the resultant impact on diastolic pressure fluctuations. However, there are no studies that have manipulated the system without opening the closed loop. Because cardiac vagal tone is primarily responsible for genesis of RSA (1, 28) , the closed-loop system can be manipulated by atropine administration. In fact, atropine has a primarily parasympathomimetic (vagotonic) effect at small doses (2) , whereas, at larger doses, it has parasympatholytic (vagolytic) effects (20, 30) allowing both augmentation and inhibition of cardiac vagal tone, thus, in turn, augmenting and inhibiting RSA. Therefore, we tested the hypothesis that, if baroreflex control stabilizes diastolic pressure at the respiratory frequency, the magnitude of diastolic pressure fluctuations with respiration should change reciprocally after augmentation and inhibition of RSA with vagotonic and vagolytic atropine administration.
MATERIALS AND METHODS
Subjects. Nineteen young healthy volunteers, aged 21-30 yr (mean age 24 Ϯ 3 yr, 9 females) participated in this study. All volunteers were normal weight, free from overt cardiovascular disease, neurological disease, diabetes mellitus, obesity, and hypertension as determined by health history questionnaires, fasting blood chemistries, anthropometric measurements, and resting and maximal exercise hemodynamics and electrocardiograms (ECGs). No volunteer was taking any cardioactive medications or used tobacco products, and all volunteers were instructed to refrain from consuming caffeine and alcohol and from performing any vigorous physical activity for 24 h before testing. The study was approved by the Institutional Review Board at Spaulding Rehabilitation Hospital, and all subjects gave written informed consent.
Experimental protocol. Subjects reported to the laboratory between 8:00 A.M. and 10:00 A.M. following a 12-h overnight fast. Following instrumentation and insertion of an antecubital venous catheter for atropine administration, subjects rested in the supine position for at least 15 min in a quiet room with dimmed lights. Subsequently, data were collected at baseline and after eight bolus doses of atropine sulfate (cumulative doses of 0.4, 0.8, 1.4, 2.2 3.2, 4.4, 5.8, and 7.2 g/kg). After each atropine administration, 3 min were given for development of full drug effect followed by a 3-min data collection period in which subjects controlled their breathing frequency at a rate of 15 breaths/min (0.25 Hz) in response to an auditory cue. Breathing depth and frequency were monitored and recorded by a respiratory transducer band around the midchest. Inspiratory and expiratory durations were controlled and were equal (2 s each). Three minutes of data provide a sufficient number of breaths for reliable data analysis at this breathing frequency. R-R interval was recorded using ECG lead II. Beat-by-beat finger photoplethysmographic (Finapres; Omheda) arterial pressure was recorded in the left hand. To verify the accuracy of beat-by-beat blood pressure measurements, brachial arterial blood pressure was recorded from the right arm by an automated brachial cuff (Dinamap; Critikon) in the last minute of each 3-min data collection period. Atropine dosing was stopped if heart rate increased Ͼ10 beats/min from baseline or the subject reported symptoms of systemic cholinergic blockade (e.g., dry mouth).
Three sets of data were used for the subsequent analysis for each individual: data collected 1) before atropine administration (baseline), 2) following administration of the atropine dose that induced the highest respiratory frequency spectral power (peak RSA) for that subject, and 3) following the dose that induced the lowest respiratory frequency spectral power (minimum RSA) for that subject. Three individuals did not show any decrease in RSA below baseline and thus were excluded from comparisons between baseline and minimum RSA.
Data analysis. Data were digitized and stored on computer at a sampling rate of 1,000 Hz (Power Lab; ADInstruments). R-R intervals were determined from ECG recordings using a peak detection algorithm custom written in Matlab (version 7.4; Mathworks, Natick, MA) and were visually inspected for artifacts and errors. R-R interval rather than heart rate was used to assess responses, since it most linearly represents changes in parasympathetic chronotropic effect (19, 26) . Paced breathing segments were used for all data analysis. The R-R interval power spectral densities were calculated with fast-Fourier transforms based on Welch's periodogram algorithm on 4-Hz resampled R-R interval time series. RSA was assessed as the spectral power at the breathing frequency (0.25 Hz). This measure has been proposed as a standard and valid measure of cardiac vagal effects (37) .
Mean, systolic, and diastolic pressures were obtained from the continuous beat-by-beat blood pressure waveform over the 3-min data collection period. To assess the variability in arterial pressure and R-R intervals, we used both spectral characterization and a time-domain signal-averaging approach. Spectral powers at the breathing frequency in diastolic and systolic pressure were calculated as described above. For time-domain signal-averaging, each respiratory cycle was determined from the respiratory waveform, and R-R intervals and diastolic pressures within each respiratory cycle were aligned relative to inspiration onset. As mentioned above, the ratio of inspiration to expiration time was equal; thus, aligning the waveforms relative to expiration would produce the same results. Because heart beats (therefore, R-waves and nadirs in blood pressure) can occur at different times relative to inspiration onset, tachograms of R-R interval and diastolic pressure were constructed for each respiratory cycle. Tachograms rather than linear interpolation were used since the latter can result in superfluous values, especially when unusually long or short R-R intervals occur. Subsequently, the tachograms were averaged across all respiratory cycles to obtain an average respiratory excursion in R-R interval and diastolic pressure. Respiration-induced R-R interval and diastolic pressure fluctuations were calculated as the range (maximum-minimum) in the average tachogram.
Statistics. Respiratory powers were log-transformed (to ensure normality) and compared via a two-tailed paired t-test. Average R-R interval, mean, systolic, and diastolic pressure, and respiratory fluctuations in systolic and diastolic pressure and in R-R interval were similarly compared with a two-tailed paired t-test. The relations between the changes in respiratory fluctuations in R-R intervals and in diastolic pressure from baseline to peak RSA and from baseline to minimum RSA were assessed via a linear regression. Because each individual was included in the regression two times, the assumption of independence for a linear regression could be violated, so we performed a chi-square test of independence to determine whether changes from baseline to peak RSA and from baseline to minimum RSA were independent. The result demonstrated that they were (degrees of freedom ϭ 288, X 2 ϭ 304, P ϭ 0.25) and so a simple linear regression was performed on all data. Values are presented as means Ϯ SD, and differences were considered statistically significant when P Ͻ 0.05.
RESULTS
The cumulative atropine dose that resulted in peak RSA ranged from 0.4 to 3.2 g/kg (mean 1.37 g/kg, 1.4 g/kg in half of the subjects, and 3.2 g/kg in only one subject), and the cumulative dose that resulted in minimum RSA ranged from 3.2 to 7.2 g/kg (mean 6.17 g/kg, 7.2 g/kg in 59% of the subjects). For all subjects, the atropine dose causing peak RSA was always less than the dose causing minimum RSA. Although we did not measure ventilation directly, we compared the spectral power of respiration for each subject during baseline and during peak and minimum RSA. Administration of vagotonic or vagolytic doses of atropine did not alter respiratory depth or frequency compared with baseline (2-tailed paired t-test, P Ͼ 0.40). As expected, the spectral estimate of RSA increased from baseline to peak, almost doubling (t ϭ 6.42; P Ͻ 0.05), and decreased from baseline to minimum, reducing by ϳ40% (t ϭ 6.15, P Ͻ 0.05; Fig. 1 and Table 1 ). Mean R-R interval increased during peak RSA and decreased during minimum RSA in all subjects (t ϭ 8.30 and t ϭ 2.16, P Ͻ 0.05; see Table 1 ). Diastolic, systolic, and mean pressures did not change significantly at peak RSA but were increased at minimum RSA (see Table 1 ). Figure 2 shows an example of the time domain-averaged RSA and the related diastolic pressure fluctuations for a representative subject. As assessed in the time domain, arterial pressure fluctuations preceded R-R interval fluctuations in all individuals at baseline, in all but one individual during peak RSA and in 13 out of 16 individuals during minimum RSA. Similar to the spectral power, the time domain estimate of RSA significantly increased (t ϭ 5.66; P Ͻ 0.05) and subsequently decreased (t ϭ 5.47, P Ͻ 0.05 compared with baseline; Table  1 ) with atropine. Respiratory-mediated fluctuations in diastolic pressure showed parallel rather than inverse changes in relation to those in RSA. Diastolic pressure fluctuations increased with augmented RSA in all 19 subjects, assessed in either the time domain (138% of the baseline; t ϭ 5.01; P Ͻ 0.05; Fig. 3 and Table 1 ) or the frequency domain (190% of the baseline; t ϭ 4.01, P Ͻ 0.05; Table 1 ). Similarly, diastolic pressure fluctuations were reduced with the inhibited RSA in all but five subjects when assessed in the time domain (93% of the baseline; t ϭ 1.92, P ϭ 0.07; Fig. 3 and Table 1 ) and tended to be reduced when assessed in the frequency domain (82% of the baseline; t ϭ1.34, P ϭ 0.20; Table 1 ). Despite the change in diastolic pressure fluctuations, there were no statistically significant changes in systolic pressure fluctuations (P Ͼ 0.36) or in their spectral power (baseline vs. peak RSA: t ϭ 0.20, P ϭ 0.84; baseline vs. minimum RSA: t ϭ 1.00, P ϭ 0.33; Table 1 ). Furthermore, changes in systolic pressure fluctuations were not consistent across individuals, with roughly half of the individuals demonstrating consistent changes after vagotonic or vagolytic atropine.
Linear regression showed a strong relationship between changes in RSA and in diastolic pressure fluctuations across subjects. In fact, Ͼ60% of the change in diastolic pressure fluctuations could be explained by the change in RSA (R 2 ϭ 0.62; P Ͻ 0.001; Fig. 4) . Furthermore, regression analysis revealed that a 50-ms change in RSA resulted in an ϳ1-mmHg change in diastolic pressure fluctuations.
DISCUSSION
Presumably, a primary mechanism for the genesis of RSA is baroreflex-mediated modulation of cardiac vagal efferent traffic. Respiratory changes in intrathoracic pressure result in stroke volume fluctuations (11) that are transmitted into arterial pressure fluctuations. Consequently, it has been suggested that, during respiration, baroreflex-mediated lengthening and shortening of R-R interval follow fluctuations in stroke volume and systolic pressure and dampen those in diastolic pressure (6) . Therefore, lesser spectral power in diastolic pressure (relative to that in R-R interval or in systolic pressure) at the respiratory frequency could be cited as evidence of a predominant baroreflex-mediated mechanism [e.g., Karemaker (15) ]. Consistent with this mechanism, we observed that arterial pressure fluctuations preceded R-R interval fluctuations in all individuals at baseline, and in a majority of individuals during peak and minimum RSA. This phase relation between arterial pressure and R-R interval fluctuations is, in fact, compatible with a baroreflex-mediated phenomenon. However, this observation alone does not necessarily indicate a causal link but provides only inferential evidence, at best. Indeed, in contrast to the expected consequence of this temporal relation (that baroreflex-mediated lengthening and shortening of R-R interval will follow fluctuations in systolic pressure and dampen those in diastolic pressure), our data show that, during supine rest, diastolic pressure fluctuations change in parallel with RSA when the ability of the closed-loop system to generate vagally mediated fluctuations is either enhanced or depressed. Therefore, our findings contradict a dominant baroreflex mechanism for RSA during supine rest in young healthy individuals. Our results are in contrast to prior studies of baroreceptor denervation and arterial pressure control in animals. Several studies have documented an increase in arterial pressure variability following selective carotid baroreceptor denervation (5, 13, 31) . However, it should noted that, in all these studies, resting arterial pressure variability returned to normal levels within a few days after surgical denervation. This suggests that more prominent mechanisms may play a role in long-term control of resting arterial pressure after recovery, and the arterial baroreflex may not have a consistent role in respiratory blood pressure variability. Furthermore, these experiments were necessarily done under anesthesia, and there are interspecies differences between humans (bipedal) and dogs (quadripedal).
Nevertheless, similar controlled experiments have not been done in humans for obvious reasons. Most reports rely on retrospective studies with only a small number of patients following surgical interventions or jugular radiotherapy (32, 40 -42) , and results from these studies are hard to reconcile. For example, on the one hand, there appears to be an increase in mean pressure variability following radiotherapy of the neck compared with preoperation levels (40) . However, on the other hand, ambulatory pressure variability does not appear to change after neck radiation compared with age-matched controls, despite a substantial decrease in baroreflex sensitivity (41) . Indeed, the long-term effect of baroreceptor denervation appears to be highly heterogenous among individuals [see Timmers et al. (42) for a review]. Part of this discrepancy may be because most studies report the changes in arterial pressure variability only with reference to "normal population levels" or to healthy age-matched controls. However, substantial interindividual variation in hemodynamic responses precludes reliable population-level comparison of differences in arterial pressure variability. Therefore, the implications of these studies for elucidating the role of the arterial baroreflex in RSA are unclear.
Other studies have investigated the baroreflex contribution to RSA in healthy individuals using maneuvers that actively engage carotid baroreceptors [e.g., neck suction (18, 27) ]. However, the role of the carotid baroreflex in modulating cardiac vagal traffic during supine rest cannot be inferred from observations when the reflex is actively engaged. For example, it is possible that the respiratory gating of central vagal-cardiac motorneurons may regulate cardiac vagal activity at rest (7, 8) , but peripheral baroreflex activation may contribute or interrupt feedforward central modulation of vagal activity. In addition, at rest, peripheral cardiopulmonary afferents may play some role (3) . Furthermore, the peripheral carotid chemoreflex may partake in regulation of RSA; alterations in central and peripheral chemoreceptor traffic, in response to oxygen, carbon dioxide, and hydrogen levels, can modulate respiratory patterns (24) , and active chemoreceptor-mediated modulation of RSA has been described in dogs (33, 45, 46) and in humans (43) . Thus it is likely that active engagement of the baroreflex overrides other mechanisms that may also be responsible for RSA during supine rest. Therefore, these data are not necessarily counter to our conclusion that baroreflex-mediated mechanisms are not the primary contributor to RSA during supine rest, but merely demonstrate the prominent role for the baroreflex during hemodynamic perturbations.
Studies of anesthetized dogs (17) and humans with heart transplants (9) suggest that low-dose atropine exerts its effects via a central neural mechanism. On the other hand, there is also evidence indicating a peripheral receptor effect of low-dose atropine; doses that result in no measurable atropine in human cerebral spinal fluid produce bradycardia (44) and an atropine derivative that cannot cross the blood-brain barrier also induces bradycardia (21). Nonetheless, whether or not the change in RSA is mediated via central (altered vagal outflow) or peripheral (altered end-organ responses) pathways does not impact the interpretation of our results. The end-organ responses to inhibition and disinhibition of vagal activity should still reflect a baroreflex modulatory mechanism regardless of the site at which vagal effects are enhanced; by enhancing outflow from vagal neurons and/or enhancing the chronotropic response to vagal outflow, the closed-loop baroreflex response to spontaneous pressure oscillations presumably should be enhanced.
An immediate implication of our results is that "spontaneous indexes" of baroreflex control assessed using breathing-induced changes in R-R interval and blood pressure during supine rest are not likely to be reliable surrogates for direct measures of baroreflex gain. Spontaneous indexes, especially the "sequence" technique, encompass the relation between systolic arterial pressure and R-R intervals during inspiration and/or expiration, based on the implicit assumption that respiratory-mediated arterial pressure fluctuations are sensed and buffered via baroreflex mechanisms. This assumption, in turn, is based on the model that the systolic pressure rise within a given beat stimulates the baroreflex arc to adjust the timing of the following R-wave such that diastolic pressure is stabilized and hence displays lesser fluctuation (6) . However, the robust linear relation between changes in respiratory-mediated R-R interval and diastolic pressure fluctuations undermines the presumed model upon which spontaneous indexes are constructed. This mismatch between the assumptions behind spontaneous baroreflex indexes and the system's responses to alterations in RSA may explain why estimates of baroreflex function using spontaneous indexes are inconsistent with those from pharmacological interventions (22) .
One limitation to interpretation of our findings is that there was a significant rise in arterial pressure during minimum RSA. It is feasible that this increased afferent baroreflex activity and further reduced RSA while also decreasing sympathetic outflow to the vasculature. Lesser sympathetic outflow might well alter the magnitude of respiratory diastolic pressure fluctuations (34) . However, the significant change in diastolic pressure fluctuations at peak RSA, without any significant change in average arterial pressures, suggests that the increase in the blood pressure at minimum RSA alone cannot explain our results. Furthermore, we assume that the blood pressure response is due to the tachycardia (ϳ6 beats/min) that accompanies mildly vagolytic atropine. However, if we assume that the responses to vagolytic atropine were purely baroreflexmediated phenomena, we cannot explain an increase in pressure causing a tachycardia, a reduction in RSA, and a tendency to decrease diastolic pressure fluctuations. It should also be noted that we tested our hypothesis in healthy young individuals during supine rest, and our conclusion may not hold for different populations and under different conditions. Last, our study was designed to test a model of RSA that is concerned with only one of the possible mechanisms (baroreflex) that may partake in the genesis of RSA. Therefore, although our data provide little evidence for a predominant role of baroreflexmediated mechanism underlying RSA during supine rest, we cannot speculate on the relative roles of other potential mechanisms.
In summary, our results show that, in young healthy individuals during supine rest, respiratory fluctuations in diastolic pressure are not buffered against by R-R interval fluctuations and that the change in R-R interval fluctuations when RSA is augmented or inhibited are closely tracked by the changes in diastolic pressure fluctuations. Therefore, our data provide little evidence for a predominant role of a baroreflex mechanism underlying RSA during supine rest, and this may have implications for the use of spontaneous baroreflex indexes.
GRANTS

